PREVIOUS WORK in vitro on cerebral arteries has been concerned with measurements made on helical strip preparations 1 or on short whole segments in which circular tension is measured isometrically. smooth muscle are closely related to the electrical activity in many, but not necessarily all, cases, 6 and it may be that a synergistic action of several factors on the membrane potential is sufficient to elicit a mechanical change even if each factor alone is insufficient.
PREVIOUS WORK in vitro on cerebral arteries has been concerned with measurements made on helical strip preparations 1 or on short whole segments in which circular tension is measured isometrically. These experiments have added valuable information to our knowledge of the pharmacology, in particular, of cerebral vessels. However, the exact relationship of the findings to the functioning of the arteries in situ under normal physiological conditions remains unclear since the perfusion pressure 4 and route of administration of test substances or solutions 6 may be critical factors determining the response. A further unknown element is the relation, if any, between the electrical activity of the smootn muscle cells and their mechanical activity, or the tone or diameter of the vessel. It is known that contractions of vascular Reprints: Dr. Sercombe. smooth muscle are closely related to the electrical activity in many, but not necessarily all, cases, 6 and it may be that a synergistic action of several factors on the membrane potential is sufficient to elicit a mechanical change even if each factor alone is insufficient.
For these reasons we have chosen to measure simultaneously mechanical and electrical activity in isolated perfused segments of rabbit cerebral arteries. This first report concerns the action of norepinephrine, isoproterenol and angiotensin II on the middle cerebral artery of the rabbit. Norepinephrine was used to allow comparison with the other (mechanical) methods for studying cerebral vessels and also with vessels from other organs, since norepinephrine has been extensively studied elsewhere. The beta-adrenergic agonist isoproterenol was used to determine whether relaxation could be obtained under the conditions of our experiment and how such action is related to the electrical activity. Our primary reason for studying angiotensin stems from its widespread use experimentally to create a STROKE VOL 10, No 6, NOVEMBER-DECEMBER 1979 higher than normal systemic blood pressure: if this peptide does modify the activity of cerebral arteries, as suggested by previous reports, 7 -' then pressure/flow curves obtained for the cerebral vascular bed using angiotensin may require very cautious interpretation.
Material and Methods

Measurement of Mechanical Activity
The principle of the method used to estimate modifications of the state of contraction of the artery has been described by Hinke* and by Hendrickx and Casteels. 10 The modified method used here is shown diagramatically in figure 1 . The perfusing solution, impelled by a constant pressure head P, passed through 2 resistances, R v , a finely adjustable valve, and R A , the artery segment, before evacuation at atmospheric pressure P o . The pressure measured just upstream from the artery segment, P A , is modified by a constriction or dilatation of the latter.
Because of the shortness relative to their internal diameter of cerebral arteries available in laboratory animals, the resistance to flow, R A , was artificially increased by considerably diminishing the arterial lumen. This was achieved by mounting it on a Teflon tube in which 2 pairs of orifices 4-5 mm apart had been made and between which the tube was plugged. Since the artery was ligatured on the tube upstream and downstream from the orifices, the perfusing solution was forced to flow via the orifices between the tube and the intima of the arterial wall. Large variations of R A were thus obtained for minimal variations of artery diameter.
The external diameter of the tube was chosen in relation to the lumen of the artery to be studied. We have used Teflon tubes of external diameter 0.3-0.5 mm and wall thickness 0.05-0.1 mm. At one end the tube was widened by about 30% over a length of about 2 mm to immobilize a small part of the artery wall for electrical recording. Thus, as already explained, the perfusion solution flushed the entire artery intima except for the immobilized portion on the widened part of the tube. The annular space in which the solution flowed was less than or equal to 0.1 mm in thickness for a resting artery under physiological pressure. Under these conditions, the outside diameter of the perfused part of the artery was roughly equal to that of the immobilized part, as seen by comparison of their respective diameters under the binocular microscope.
Incubation of the Artery Segment
The tube and artery were mounted in a perspex clamp incorporating a pair of flexible gold electrodes which touched the non-immobilized end of the artery. A micro-connector, in addition to connecting the electrodes to the stimulator, immobilized the clamp holding the artery in the incubation bath which contained a Krebs solution of the following composition (mM): NaCl 135, KC1 5, KH,PO 4 1.2, MgSO 4 1.3, NaHCO 3 20, CaCl a 2.5, glucose 10. This solution was presaturated with 4% CO 2 , 96% O,, and the same gas mixture bubbled through the thermostatic tank and over the artery to maintain the saturation of the Krebs Ringer solution without causing any vibration of the artery segment ( fig. 1 ). The level of the incubating solution could be set with respect to the artery by adjustment of the outlet tube.
Perfusion Circuit
The driving force of the perfusing solution was provided either by gravitation or by the gas mixture (4% CO,/96% O 2 ) which bubbled through it in a thermostatic (37°) pressure chamber. In the latter case, the pressure of this gas was maintained constant by an automatic regulator. The adjustable valve, R v , regulated the flow of the solution and set the pressure at the artery.
A perfusion pump operating 2 syringes in opposite directions, and connected in parallel with the perfusion circuit just upstream of the artery, enabled test solutions to be injected without causing any modification or irregularity in the pressure. The injection rate could be equal to, or less than the rate of perfusion (measured at the outflow from the artery).
Preparation of the Artery
An adult rabbit was sacrificed by injection of air into the lateral vein of the ear. The head was removed, the brain rapidly extracted from the cranium and placed in a dish containing a simplified physiological solution (composition (mM): NaCl 150, KC1 5, CaCl, 2.5, glucose 10) constantly bubbled with oxygen. A catheter was inserted into the circle of Willis near the origin of a middle cerebral artery, so that while the collateral arteries were being ligated the artery was perfused with the same physiological solution. After partial incision of the artery wall, a perfusion tube (described above) of suitable diameter was gently inserted and the artery ligated on it. The effectiveness of the ligatures was tested by an injection of heparinized blood or a physiological solution containing Evans blue. Gross damage to the intima was revealed by heavy staining of the artery wall by the dye, and such preparations were rejected. Tube and artery (length 7-9 mm, mean diameter about 0.4 mm) were removed from the brain and mounted in the perspex clamp which was then fixed in the incubation bath. The artery was connected to the perfusion circuit and perfused at 40-80 mm Hg. A period of 1-2 hours was necessary to obtain stabilization of the recorded pressure.
Recordings
Perfusion pressure was recorded upstream from the artery ( fig. 1 ) with a Statham transducer connected to an electronic manometer. Electrical activity of the smooth muscle was recorded from the immobilized part of the artery with very fine glass microelectrodes filled with 3 M KC1, impedence 20-100 Mfi, mounted on a Leitz micromanipulator. These 2 parameters were displayed simultaneously on an oscilloscope and stored on tape.
Drugs
All drugs were made up in the Krebs solution used for incubation and perfusion of the artery. Final concentrations were as follows: norepinephrine (Levophed, Winthrop), 5^g base/ml; phentolamine (Regitine, Ciba), 0.5 mg/ml; isoproterenol (Isuprel, Winthrop), 7.5 Mg/ml; propranolol (Avlocardyl, Winthrop), 1 mg/ml; angiotensin II (Hypertensin, Ciba), 5 Mg/ml.
Results
In this initial phase of our study on cerebral arteries most of the tests of drug administration have been carried out on stable recordings of extracellular electrical activity, although intracellular recordings have been obtained relatively often. The extracellular unit activity recorded varied in shape and amplitude, but in the present analysis we have only taken account of the change of the spike frequency independently of the shape and sign of the activity. We have also eliminated regular slow wave activity and burst-like patterns of discharge in the statistical treatment. In general, when seen, these forms of activity reacted in much the same way as the more clearly spike-like discharges. Spontaneous spike discharge frequency ranged from about 1/min to up to 200/min, and such discharges lasting a minimum of several minutes formed the control condition for each of the tests described below, together with a stable baseline pressure record.
Adrenergic Agonists
Norepinephrine. Responses of the artery were observed to the adrenergic agonist norepinephrine under perfusion at concentrations varying from 0.2 to 10 Mg/ml. Systematic tests were made for a concentration of 5 Mg/ml of norepinephrine base and gave rise in every case (11 tests) to a clear-cut increase in spike frequency and a rise in recorded pressure, indicating a contraction of the artery wall (table) . A typical recording is shown in figure 2 . A marked parallelism between the increase in spike frequency and the onset of the contraction is visible, although the relaxation occurs before the return to control spike frequency. It appears (end of eighth photograph) that the cell has ceased firing or that the spikes were so small as to be lost in the noise. This was a frequent occurrence (> 50% of tests) with this dose of norepinephrine and was often accompanied by a reversible positive shift in the electrical baseline.
Four of these tests were followed by a second administration after addition of 0.5 mg/ml phentolamine to the bathing solution. In all cases the mechanical changes previously induced by norepinephrine were absent and the spike acceleration was abolished or even gave way to an overall deceleration (1 case).
Isoproterenol. Perfusion of the ^-adrenergic agonist isoproterenol at 7.5 Mg/ ml g ave r i s e t o the following changes. Typically, as shown in figure 3 , spike formation was partially inhibited and there was a simultaneous fall in recorded pressure (= relaxation). •Both spike frequency and the change in spike frequency varied according to a skewed distribution : the SEM'S are given as an indication of the dispersion but cannot be used for statistical calculations. The significance of the observed differences (paired values) were therefore computed by means of a non-parametric test, Wilcoxon's rank sum test.
flnitial pressure was within the range 40-80 mm Hg, corresponding roughly to the zone of constant sensitivity of the recording system-see methods.
JStudent'e paired t-test.
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NE FIGURE 2. Effects of perfusion of a solution of 5 ng/ml norepinephrine (NE) on the electrical (E) and mechanical (P) activity of a middle cerebral artery segment. Both are D.C. recordings, P being the pressure of the perfusion liquid. The rise in pressure (about 13 mm Hgj was accompanied by an increase in spike frequency and a decrease in spike amplitude. The rise of the electrical baseline probably corresponds to total inactivation of the cell by depolarization. Horizontal calibration: 2 sec.
This occurred in all tests, but spike discharge was totally inhibited in a small proportion of tests. Quantitative results are given in the table. Recovery of control spike activity was often long and, as in the case of norepinephrine administration, could exceed the recovery time for the pressure recording (pressure did not fully recover to the original level in the example shown -see legend). The specificity of the effects was tested in 3 experiments by repeating the administration after addition of 1 mg/ml propranolol to the bathing solution. Not only was the relaxation previously induced abolished, but the spike frequency now tended to be accelerated by isoproterenol (3 cases).
Angiotensin This constrictory peptide was tested by perfusion at 5 Ml/ml-In general, effects were similar to those of norepinephrine administration ( fig. 4 ), but the time course with angiotensin was much longer. Although at this dose the contractile action was rather similar to that of norepinephrine (table), total disappearance of the spikes following acceleration was never observed with angiotensin. Pronounced tachyphylaxis was observed when repeat doses were administered within an hour.
Discussion
With the present technique it has been possible to record electrical activity of the smooth muscle fibers of the artery wall simultaneously with a pressure recording closely related to the normal mechanical movements of the artery in vivo. Although the general principle is the same as that used by Hendrickx and Casteels, 
0.5min i5mmHg_
artificial increase in flow resistance of the artery segment: this was important in pial arteries because of their relatively wide bore with respect to the length available.
The recordings leave no doubt as to the occurrence in smooth muscle cells of cerebral arteries of rapid allor-nothing spike discharges, in contrast with the activity of smooth muscle cells of certain other vessels such as the aorta" and the pulmonary artery. 12 Furthermore, this activity appears in these cerebral arteries to be intimately linked with changes in the state of contraction, since all 3 substances tested appeared to induce practically simultaneous changes in the mechanical and the electrical activity ( figs. 2-4) . Appraisal of this point is, however, intimately related to the fact that, like virtually all techniques used to measure simultaneously electrical and mechanical activity of smooth muscle, the 2 types of measurement were not made from exactly the same portion of the preparation.
The electrical activity was recorded in a part of the artery wall immobilized by the tube, any contraction at this point being therefore isometric. However, apart from this difference, there is good reason to believe that the zone of electrical recording reflected faithfully the changes occurring in the rest of the artery. For example, if the separation of the sites of electrical and mechanical measurements were appreciable (from a functional point of view) one might expect a significant lag between the onset of the changes in the 2 sorts of activity, the mechanical changes occurring earlier because of their more immediate exposure to the drugs. This never occurred, suggesting that, functionally, the separation of the 2 points is practically negligible, and that the mechanical changes were necessarily initiated through or associated with electrical coupling. The effective separation between the microelectrode and the mechanically active zone never exceeded lmm. The normalization of the pressure effect in figs. 2 and 3 begins earlier than the normalization of the electrical changes. This may have been due to a slower wash-out of the active substance (norepinephrine or isoproterenol) from the small portion of artery not directly exposed to the perfusion solution. A point worth noting is that the accessibility of the catecholaminergic receptors did not appear to be hindered by the presence of an6° ort of diffusion barrier even though the intima was apparently intact (see Methods). The correlation observed between the electrical and the mechanical activity will require confirmation with other drugs, but is compatible with the hypothesis that the final effect on cerebral vasomotor activity depends on the sum of the individual actions (e, g. norepinephrine, H + , K + . . . .) on the transmembrane potentials of the smooth muscle cells.
The highly significant accelerations of spike frequency found with norepinephrine perfusion, which were often accompanied by the disappearance of the discharges, can probably be attributed to strong depolarization such as reported in other vascular smooth muscle. 1315 The present extracellular recordings do not allow any conclusion as to the mechanism of spike discharge slowing during isoproterenol administration, although the absence of any shift in the electrical baseline (such as in the case of norepinephrine, (fig. 2 ) may possibly be construed as evidence against a simple hyperpolarization mechanism. The blockade, or even sometimes reversal, of these catecholamine effects by the presence of specific a-or /3-adrenergic antagonists demonstrated the specificity of these actions. Moreover, the reversal of the original action of the catecholamines in some cases suggests that a latent /?-or a-adrenergic action was revealed by the blockade. Norepinephrine and isoproterenol have been previously shown in vitro to stimulate both a-and 0-adrenergic receptors of the middle cerebral artery of cats, 2 goats, 3 and rabbits, 7 and norepinephrine to contract strips of rabbit and canine basilar artery. 1 ' 8 In situ studies also tend to confirm these constrictory (norepinephrine) or dilatory (isoproterenol) actions, at least with respect to the larger pial arteries. 16 " 21 In studying the effects of isoproterenol on the isolated cat middle cerebral artery with an isometric technique, Edvinsson and Owman 2 found that this essentially (8-adrenergic agonist only induced contraction, unless the artery was first stimulated to contract with a vasoconstrictor drug. In contrast, a dilatation was obtained in our experiments with perfused arteries at similar doses (4. . This difference in action may be related to both the magnitude of the initial wall tension (greater in our experiments) and to how much of the overall tone is due to active contraction as opposed to passive stretch. In accordance with this, preliminary results in our laboratory suggest that the mechanical effects of both constrictor and dilator drugs increase with in-STROKE VOL 10, No 6, NOVEMBER-DECEMBER 1979 creasing initial perfusion pressure (and hence tone). Angiotensin II, at the concentration tested of 5 jig/ml, displayed a similar influence to that of norepinephrine on the muscle cells, although the acceleration of the spike activity, lower than that caused by norepinephrine, never culminated in an inactivation as was frequently the case with the catecholamine. This general similarity in the actions (both electrical and mechanical) of these 2 drugs suggests that, even if the direct action of angiotensin at lower doses is weak or negligible, the possibility of synergistic action with the norepinephrine released by the extra sympathetic activity occurring under these conditions should not be entirely overlooked. Despite earlier reports of absence of effects in vivo at very low doses, 22 - 23 angiotensin II has been found to have significant contractile effects on cerebral arteries in vitro 7 ' 8> 24t 25 and recently in vivo. 26 We believe that experiments testing physiological mechanisms in the cerebral circulation under the effects of high perfusion pressure induced by angiotensin should be interpreted viewing the cerebrovascular activity of this peptide.
The present work represents a first step in exploration of the cerebral circulation with respect to electrical responses of arterial smooth muscle. These results provide evidence that smooth muscle transmembrane potentials may be involved in the genesis of cerebral vasomotor activity.
